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Abstract: An interphase migration and enrichment model of lead and zinc during molten copper slag depletion was
established. The occurrence of various components in copper slag was predicted using sulfur—oxygen potential
calculations and confirmed through high-temperature experiments. The recovery rate of copper can reach 90.13% under
the optimal conditions of 1200 °C, an iron to silicon mass ratio of 1.0, 3 wt.% ferrous sulfide, and a duration of 45 min.
Lead (54.07 wt.%) and zinc (17.42 wt.%) are found in the flue dust as lead sulfate, lead sulfide, and zinc oxide, while
copper matte contains lead (14.44 wt.%) and zinc sulfide (1.29 wt.%). The remaining lead and zinc are encapsulated as

oxides within the fayalite phase.
Key words: depletion; lead; copper slag; stirring; zinc

1 Introduction

Copper slag is an industrial solid waste
generated in the copper smelting and refining
processes [1]. The production of copper slag is 2—3
times that of refined copper [2]. According to
statistical data, the cumulative production of copper
slag worldwide since 1999 has exceeded 752
million tons [3]. Copper smelters need to
continuously enhance the oxygen potential in the
copper smelting process to increase production
capacity and meet supply-demand requirements [4].
This results in the copper content of most copper
slag being even higher than that of copper ore,
which has the lowest industrially exploitable grade
(0.4 wt.%). Due to economic growth and population
expansion, there will be a significant increase in the
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worldwide demand for resources in the coming
decades [5,6]. The production of copper slag is
projected to reach 6—9 times the current level by
2050 [7]. However, open-air stacking is the most
prevalent method for handling copper slag [8],
giving rise to numerous safety concerns [9,10]. As a
result of precipitation [11] and physical, chemical,
and biological weathering processes [12], heavy
metals in copper slag can pose varying degrees of
harm to the environment and individuals [13,14].
Hence, the efficient and environmentally friendly
utilization of copper slag holds potential to ensure
the environmentally sustainable development of the
copper smelting industry [15].

The copper and iron contents in copper
slag ranging from 0.58 to 2.71 wt.% and 31.70 to
40.31 wt.%, respectively [2]. Flotation, reduction-
magnetic separation, and depletion are the primary
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methods for recovering copper and iron resources
from copper slag [16]. WANG et al [17] employed
mechanical activation-enhanced flotation to recover
copper from copper slag. Under the optimal
flotation conditions of 600 g/t sodium carbonate
and 300 g/t xanthate, the copper recovery rate
reached 98.07%, achieving a copper concentrate
grade of 36.13 wt.%. Consequently, the flotation
process offers the advantages of high-purity
concentrate and valuable metal recovery. However,
it necessitates using finer mineral particle sizes and
numerous flotation reagents, making it challenging
to mitigate issues related to the wastewater
treatment [18]. LI et al [19] investigated the
reduction and magnetic separation of copper slag
using sodium carbonate and calcium oxide as
alkalinity regulators. With an alkalinity level of 0.5
and the addition of 8 wt.% sodium carbonate, the
recovery rates for copper and iron reached 86.5%
and 94.3%, respectively. The grades of the copper
and iron concentrates reached 1.2wt% and
90.5 wt.%, respectively. The reduction magnetic
separation method is effective in separating and
recycling of copper and iron from copper slag [20].
However, the iron concentrate obtained through
magnetic separation contains copper and cannot be
directly used as a steelmaking raw material. Hence,
achieving the synergistic recovery of copper and
iron from copper slag necessitates a minimization in
the copper content prior to iron recovery. WANG
et al [21] implemented a high-gravity field in the
copper slag depletion process. The results revealed
that 97.98% copper in copper slag could be
recovered in 5 min under a high gravity field at
1250—-1300 °C. However, realizing a large-scale
industrial expansion of high-gravity equipment will
be extremely difficult. Research on the extraction of
valuable components, such as lead and zinc, from
copper slag is predominantly manifested in the
leaching process. High leaching rates and selective
element separation are achievable through leaching
for copper slag [22]. However, it is imperative to
address the challenges related to acid mist, pipeline
erosion, and acid wastewater in the production
process [23].

The concept of latent heat of copper slag
(LHOCS) is a relatively recent and underexplored
subject that has received limited attention in
previous scholarly research. Currently, the raw
materials employed for the resource utilization of

copper slag are mainly cold copper slag, derived
from hot molten copper slag at temperatures of
1150—1250 °C. The thermal energy carried by the
molten copper slag is called LHOCS. The LHOCS
is challenging to utilize effectively in the current
industrial processes. About 80% of global copper
is produced using pyrometallurgical technology,
which will generate a large amount of molten
copper slag carrying LHOCS. Based on the data on
global copper slag production in 2022, it is
estimated that inadequate utilization of LHOCS has
led to an economic loss of approximately
2x10'°CNY. The lead and zinc contents in the
collected flue dust from copper slag range from
0.1-0.4 wt% to 0.9-1.5 wt.%, respectively, and
may even reach the primary lead—zinc ore boundary
grade [24—26]. However, the current research on the
extraction and recovery of lead and zinc from
copper slag primarily emphasizes leaching and
reduction processes. Simultaneously, there is a
scarcity of reports on behaviors of lead and zinc in
copper slag depletion processes [27,28]. Therefore,
it is essential to investigate the occurrence and
distribution of lead and zinc in copper matte,
depleted copper slag, and collected flue dust to
facilitate the efficient recovery of lead and zinc
during the depletion process of molten copper slag.

Based on this premise, the study focused on
elucidating the enrichment behavior of copper, lead,
and zinc under various depletion conditions.
Moreover, it established a model detailing the
interphase (matte, slag, gas) migration and
enrichment of lead and zinc. This paper aims to
guide the collaborative and energy-efficient
recovery of valuable metals from copper slag in the
smelting process.

2 Experimental

2.1 Material analysis

The chemical composition of the experimental
copper slag from Guangxi, China, is presented in
Table 1. The main components of copper slag are
oxides of iron and silicon. Notably, the contents of
copper and zinc in the copper slag are 2.63 wt.%
and 1.24 wt.%, respectively.

The X-ray diffraction pattern of copper slag is
depicted in Fig. 1. The primary mineral phases in
copper slag are fayalite (Fe,SiO4) and magnetite
(Fe304). No diffraction peaks were observed for
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lead, zinc, and copper, likely due to their weak
crystallinity and low concentration [29].

Copper slag was analyzed using electron probe
micro-analysis (EPMA) to investigate its mineral
phase structure, as presented in Fig. 2. The image
reveals the presence of three distinct phases: the
copper-rich phase delineated by the red dashed line,
the irregular leaf-like structure phase indicated by
the green dashed line, and a large-area base phase

Table 1 Chemical composition of experimental copper

slag (wt.%)
Fe Si Cu Al Ca Zn
4193 11.66  2.63 1.21 1.98 1.24
Pb As Mo S O
0.54 0.13 0.22 0.53 37.91

¢ — Fayalite
¢ — Magnetite
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Fig. 1 XRD patterns of copper slag

Fig. 2 EPMA surface scanning results of copper slag

characterized by a rod-like structure. The base
phase of copper slag is Fe,SiOs4. The irregular
leaf-like structure, marked by the green dashed line,
primarily consists of an enrichment zone of Fe and
0, devoid of silicon. A combined analysis of atomic
ratios and XRD results identifies this phase as
Fe;04. The primary component within the red
dashed line is copper sulfide (CuS), which
represents the copper matte phase. Lead is wrapped
inside the copper matte, and zinc sulfide is located
at the edge of the copper matte. These three
substances exhibit immiscibility with each other
and possess distinct interfaces. Furthermore, lead
and zinc are dispersed on the surface of the copper
slag.

A mineral liberation analyzer (MLA) was used
to study the surface mineral composition of the
copper slag, as shown in Fig.3. Four mineral
phases are found on the surface, which are fayalite
(86.95 wt.%), magnetite (11.53 wt.%), chalcocite
(CusS, 1.19 wt.%), and domeykite (CuzAs, 0.22 wt.%).
Due to different degrees of agglomeration, the size

Fig. 3 Particle size (a) and distribution (b) of different
mineral phases in copper slag
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of Fe;04 is 6—83 um, as shown in Fig. 3(a). CuzAs
and Cu,S have a maximum size of 9 and 115 pm,
respectively, and their minimum sizes are less than
1 um. Moreover, the tiny particles of Cu,S and
CusAs are disseminated in the black dot region of
Fig. 3(b), with some being trapped and enveloped
by the Fe;O4 phase. Unlike the EPMA results, no
concentrated phases of lead and zinc are observed
in the MLA results. Since MLA can only detect the
phase composition of mineral surfaces, this may
indicate that lead and zinc are encapsulated in the
Fe,Si0; phase.

2.2 Experimental methodology

The experimental equipment is a self-designed
induction furnace with a stirring device [14]. The
depletion experiment factors are shown in Table S1
of Supplementary Materials (SM). The calculation
method for the copper recovery rate is illustrated as

Ma, . —
Mew :aCu—mﬂCllxl 00% (D

Mo,

where acy and fcy are copper contents in the slag
before and after depletion, respectively, wt.%; m
and M are the masses of copper slag before and after
depletion, respectively, g; 7cu is the copper recovery
rate, %.

2.3 Analysis methods

The samples were characterized by X-ray
diffraction analyzer (10 (°)/min, 26: 10°-90°, XRD,
D8 Advance, Bruker, Germany) and operated at
40 kV and 40 mA with a Cu K, radiation source.
The resultant patterns were compared with the Joint
Committee on Powder Diffraction Standards
International Center for Diffraction Data (JXPDS-
ICDD) database to identify the crystalline phases.
The X-ray fluorescence analyzer (XRF, ZSX
Primus IV, Rigaku Corporation, Tokyo, Japan) was
used to qualitatively analyze the chemical composition
of samples. Chemical analysis was used to analyze
the composition of samples quantitatively. The
electron microscope-microprobe analyzer (EPMA,
JXA—-8530F Plus, JEOL, Japan) was used to
quantitatively analyze the microelement distribution
of samples. The advanced mineral identification
and characterization system (AMICS, Zeiss, Bruker,
Germany) was used to quantitatively analyze the
surface mineral distribution of samples.

3 Results and discussion

3.1 Thermodynamic analysis

The partial pressures of sulfur (S) and oxygen
(O) in the gas phase were calculated at various
temperatures using the FactSage Equilib program.
The partial pressures are converted into corresponding
logarithmic forms: sulfur and oxygen potential
represented as A, B, C, and D, respectively. The
findings are displayed in Fig. 4. Both the sulfur and
oxygen potentials in copper slag exhibit an
increasing trend with rising temperature.
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Fig. 4 Equilibrium phase showing sulfur and oxygen
potential calculated based on copper slag composition

The predominance-area diagram for zinc and
lead is illustrated in Fig. 5, generated using the
FactSage Predom module. Four distinct equilibrium
phases of zinc at various temperatures, oxygen,
and sulfur potentials are illustrated in Fig. 5(a).
Figure 5(b) illustrates five distinct equilibrium
phases of lead at various temperatures, oxygen, and
sulfur potentials. By incorporating the sulfur and
oxygen potentials (4—D) of copper slag raw
materials from Fig. 4 into the predominance- area
diagram in Fig. 5, it is evident that zinc in copper
slag primarily exists in the form of zinc oxide.
Simultaneously, the presence of zinc sulfide in
copper slag correlates with variations in smelting
temperature. Lead in copper slag predominantly
exists as an elementary substance.

The standard Gibbs free energy variations for
Egs. (2)—(14) were calculated using the FactSage
Reaction program. The results and specific data are
presented in Fig. 6 and Table S2 of SM, respectively.

At the depletion temperature, lead—zinc oxide
can spontaneously convert to the corresponding
sulfide when the sulfur potential reaches a certain
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Fig. 6 Standard Gibbs free energy variation of for possible reactions zinc (a) and lead (b) compounds

level, as shown in Egs.(4) and (9). The
volatilization process of zinc sulfide wunder
atmospheric pressure is challenging to proceed
spontaneously, as shown in Eq. (2). Zinc exhibits
higher volatility than zinc oxide under atmospheric
pressure, and this trend becomes more pronounced
with increasing temperature, as evidenced in
Egs. (3) and (5). Lead and lead oxide are not readily
volatilized at the depletion temperature, as depicted
in Egs. (9) and (10). When the temperature exceeds
1278 °C, the spontaneous volatilization of lead
sulfide occurs, as shown in Eq. (11). Elementary
substance forms of lead and zinc are unstable and
quickly transform into oxides [30], as outlined in
Egs. (7) and (13). Under high oxygen potential, lead
sulfide can further convert into the corresponding
sulfate, as indicated in Eq. (14).

ZnS(1)=ZnS(g) 2)
ZnO(1)=ZnO(g) (3)
ZnO+FeS=ZnS+FeO 4)

Temperature/°C
Zn(1)=Zn(g) (5)
ZnS+0,=Zn+S0; (6)
27n+0,=2Zn0 (7)
Pb+FeS=PbS+FeO (®)
Pb(1)=Pb(g) )
PbO(1)=PbO(g) (10)
PbS(1)=PbS(g) (11)
PbO+FeS=PbS+FeO (12)
2Pb+0,=2PbO (13)
PbS+20,=PbSO;4 (14)

Equilibrium concentrations were calculated
using FactSage 7.3 for various amounts of ferrous
sulfide (FeS) additions. The calculation was
performed under the following conditions: 100 g
copper slag, 1200 °C, and 1x10° Pa. The calculation
results are presented in Fig. 7, with further details
available in Table S3 of SM. As the FeS addition
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increases, the equilibrium concentration of zinc
oxide decreases correspondingly, while zinc sulfide
has the opposite effect. Under conditions of low
sulfur potential, lead oxide is generated. As
predicted by the thermodynamic calculations, the
conversion of lead oxide into lead sulfide
commences with an increase in sulfur potential. At
higher sulfur potential levels, the oxygen in the
cuprous oxide (Cu,0) phase within the copper slag
is progressively replaced by sulfur, resulting in the
formation of the Cu,S phase, which subsequently
settles into the copper matte layer. Theoretically, all
minute liquid droplets transforming from Cu;O to
CuzS can settle into the copper matte layer over a
sufficient duration. However, even in the presence
of a high sulfur potential within an open system,
complete conversion of Cu,O to Cu,S is not
achievable. It tends to reach a maximum conversion
limit referred to as the depletion limit.

4
3¢ Cu,0

o 27

'L‘EO (1): Cu,S

5 1.6

E15¢

]

S14f

= ZnO)|

2 1.3¢

So03f _o—
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01 23 4567 8 910111213
FeS addition/g

Fig. 7 Equilibrium mass under different FeS additions

The phase diagram of Fe—Ca—Si oxide ternary
slag is shown in Fig. S1 of SM. The Point 8 is a
three-phase eutectic point. When the temperature
exceeds 1093.79 °C, the slag corresponding to
this component presents a liquid-phase state. The
eutectic point comprises 41.229 wt.% olivine phase,
14.087 wt.% tridymite phase, and 44.683 wt.%
wollastonite phase.

3.2 Lead and zinc behaviors in depletion process

The copper slag and flux were mixed in the
mixing tank with a mass ratio of 10:1. After the
mixed material was melted in the induction furnace,
stirring began at a speed of 100 r/min. The detailed
experimental parameters and results are presented
in Table S1 of SM and Fig. 8, respectively. As

depicted in Fig. 8(a), the highest copper recovery
rate is 87.83% at 1200 °C. Excessively low or high
temperatures are not conducive to copper recovery.
The elevated viscosity and limited fluidity of the
molten slag at low temperatures hinder the settling
of copper matte. The depletion reaction is intense at
high temperatures, and the generated sulfur dioxide
(S0O») bubbles escape too quickly and carry copper
matte into the slag phase. The trends in the variation
of lead and zinc contents in the depleted copper slag
are consistent with the theoretical calculations
presented in Fig. 6. When FeS addition is 3 wt.%,
the recovery rate of copper reaches a maximum of
87.83%, as shown in Fig. 8(b). No significant
change in the copper recovery rate or the lead and
zinc content of the slag with various amounts of
FeS addition, which is also the conclusion of the
theoretical calculation in Fig. 7. As shown in
Fig. 8(c), the lead and zinc content in the depleted
copper slag shows a downward trend. The Fe/SiO,
mass ratio of 1.0 corresponds precisely to the
lowest liquid phase region (Point 8) in Fig. S1 of
SM, when the minimum melting temperature of the
slag is 1093.79 °C. An excessively low or high
Fe/SiO> mass ratio will elevate the liquid phase
temperature and slag viscosity, thereby impacting
the settling rate of copper matte. The smelting time
has a limited impact on the lead and zinc content in
the depleted copper slag, as shown in Fig. 8(d). The
copper achieves a peak recovery rate of 90.13%
within less than 45min. The spontaneous
volatilization of zinc sulfide, lead sulfide, lead, and
lead oxide at the depletion temperature, as depicted
in Fig. 6, is challenging to achieve. While zinc and
zinc oxide can theoretically volatilize, there remains
a high concentration of lead and zinc in the slag.
Therefore, it is concluded that most of the lead-
containing phase and some of the zinc-containing
phase enter the matte phase through the sedimentation
process, and most of the zinc-containing phase is
wrapped in the slag by the Fe,SiO4 phase or other
mineral phases.

3.3 Distribution and migration mechanism of
lead—zinc multiphase
The distribution results of lead and zinc in slag,
matte, and gas phases are presented in Tables
S4—S6 of SM. The copper contents in the copper
slag and copper matte phases, after depletion and
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enrichment, are 0.22wt.% and 28.89 wt.%,
respectively. Additionally, the distribution of other
valuable elements was investigated and presented in
Fig. 9 and Table S7 of SM.

The lead content in the collected flue dust is
54.07 wt.%, while the zinc content is comparatively
lower at 17.42 wt.%. It suggests a weaker migration
activity of zinc during the depletion process, which
may be attributed to the substitution of some Fe
atoms by Zn in the Fe;SiOs, forming a zinc-rich
olivine phase. The difficulty in decomposing the
Fe;Si04 phase during depletion hinders the release
and volatilization of zinc. The distribution of sulfur
in depleted copper slag and copper matte is similar,
and arsenic mainly exists in collected flue dust and
copper matte phases.

The X-ray diffraction results for the three
different products are illustrated in Fig. 10. The
main phases in the flue dust are lead sulfate and
while in the depleted slag, the
predominant phase is Fe,SiOs. The presence of
CaMg(Si0s), is related to the added calcium oxide
flux. The primary phases in the copper matte are

zinc oxide,

90
30 [ Flue dust
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Fig. 9 Multi-element distribution of depleted copper slag,
copper matte, and collected flue dust
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Fig. 10 XRD patterns of three phases
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ferrous sulfide, CusgsFe1.02Ss, and Feg7Moo3. The
crystallinity and mineral content significantly
impact the X-ray diffraction results, posing
challenges in using X-ray diffraction alone to
determine every mineral phase. Therefore, a more
comprehensive analysis of depleted copper slag,
copper matte, and collected flue dust was conducted
using EPMA, with the results depicted in Figs. 11
and 12.

The EMPA micrographs and point scanning

positions of copper slag are depicted in R-1-R-4 in
Fig. 11. FD-1 and FD-2 are microscopic images
of different locations of collected flue dust.
Multi-element energy spectrum results for the
corresponding positions of the copper slag and
collected flue dust are provided in Table S8 of SM.
Fe,;SiOy4 is the base phase of the copper slag
raw material (Points 3 and 5). It is mixed with other
elements, such as lead and zinc, to create a novel
dendritic olivine phase (Points 7 and 8). Further-

Fig. 11 Point scan position and area scan distribution results of copper slag (R) and collected flue dust (FD) samples
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more, an intercalation relationship exists between
Fe;Si04 and some larger particles of copper matte
which are either wholly or partially encapsulated by
Fe;SiO4 (Points 1, 2, 7 and 8). Additionally, a
flower-like Fe;O4 phase typically surrounds the
copper matte (Points 4 and 6). Consequently, the
Fe;04 phase significantly influences the settling of
copper matte within copper slag. In addition, small
copper matte particles are discovered within the
dendritic Fe;SiO4 structure of the base phase. An
amplification analysis of copper matte in copper
slag raw materials reveals that the edges of copper
matte particles are slightly enriched in zinc sulfide

gl

Fig. 12 Point scan position and area scan distribution results of depleted copper slag (SL) and copper matte (M) samples

and lead sulfide (Points 11, 12 and 15). Lead is
enclosed within the copper matte and exists as
elementary substance (Points 10, 11, 12 and 14).
Arsenic in the copper matte reacts with copper to
form the CusAs phase (Points 9, 10 and 14). Cu,S
and FeS (Points 1 and 2) are the fundamental
phases of the copper matte, as determined by X-ray
diffraction findings.

In the collected flue dust, lead is primarily
present in the form of lead sulfate (as indicated by
Points 18, 20 and 22), with a minor presence of lead
sulfide (evidenced by Points 30 and 31). Zinc
predominantly exists as zinc oxide (refer to Points
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25, 32 and 33). Notably, arsenic in the collected flue
dust exhibits poor crystallinity, mainly occurring in
an amorphous state, and this is why the
characteristic diffraction peaks of arsenic are not
discernible in Fig. 10. The primary arsenic
compounds in the collected flue dust are arsenic
oxide (As>0;3) and arsenate (as indicated by Points
20, 25, 32 and 37). Copper is present in the
collected flue dust in two primary forms: Cu,S and
copper sulfate (CuSOs) (as indicated by Points 19
and 26). Furthermore, the predominant iron
compounds in the collected flue dust are Fe;O4 and
Fe;SiO4 (refer to Points 27, 28 and 29). This
association is linked to the ability of the slag to
transport gas, particularly the SO, gas generated
during depletion, which carries tiny droplets of slag
into the collected flue dust.

The multi-element energy spectrum and point
analysis results are depicted in Fig. 12 and Table S9
of SM. The base phase in the depleted copper slag
is Fe;SiO4 (Points 1, 2 and 4). The lead primarily
exists in the form of elementary substance and lead
sulfide in the incompletely settled copper matte
particles within the depletion slag (Point 11). The

zinc is primarily associated with the Fe,SiO4 phase.
The absence of irregular leaf-like structures in the
depleted slag signifies a notable reduction in the
Fe304 phase due to the addition of FeS. Additionally,
agitation expedites the collision and directed
settling of small copper matte particles in the
depleted slag.

In copper matte, lead is wrapped in its
elementary substance form (Points 21 and 23),
while zinc exists in the form of zinc sulfide at the
periphery of the copper matte (Points 22 and 26).
The primary phase of copper in the copper matte is
CusS (Points 15, 19 and 24), with trace amounts of
metallic copper (Points 16, 23 and 25). Iron in the
copper matte is present in the forms of Fe, FeS and
Fes04 (Points 20, 21, 24, 27 and 28). Additionally,
arsenic aggregates in the copper matte are
predominantly in the form of CuzAs phase (Points
33, 34, 35 and 38).

A model for the interphase migration of lead
and zinc during the depletion process was proposed,
as depicted in Fig. 13. The occurrence phase
transformation of zinc during the direct depletion
of copper slag mainly includes two steps: (1) Zinc

Fig. 13 Evolution model of lead—zinc occurrence patterns
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oxide present in the interstitial sites of Fe;SiO4
volatilizes directly into the flue dust; (2) The zinc
sulfide present at the boundary of the copper matte
is oxidized to high-temperature zinc vapor by
contacting oxygen in the air and volatilizes in the
open system. When the high-temperature zinc vapor
contacts the air, it is oxidized to zinc oxide
immediately. The interphase migration process of
lead includes three steps: (1) In the open system,
the elementary substance lead in the copper matte is
oxidized to lead oxide; (2) Under the participation
of the FeS, lead oxide turns into lead sulfide and
volatilizes into the flue dust; (3) The PbS-
containing flue dust, when exposed to the air, is
rapidly oxidized to lead sulfate. Therefore, the final
lead is in the form of lead sulfate, lead sulfide in the
flue dust, and lead in the copper matte phase. Most
of the zinc is encapsulated in the Fe;SiOs phase.
The remaining zinc that Fe;SiO4 does not
encapsulate is present in the flue dust phase as zinc
oxide after two stages of oxidation.

4 Conclusions

(1) The primary mineral phases in copper slag
are fayalite (86.95 wt.%), magnetite (11.53 wt.%),
chalcocite (1.19 wt.%), and domeykite (0.22 wt.%).
The fine particles of chalcocite and domeykite
exhibit a dispersed distribution, some of which are
wrapped by magnetite.

(2) Under the conditions of 1200 °C, a Fe/SiO;
mass ratio of 1.0, 3 wt.% ferrous sulfide, and a
duration of 45 min, copper achieves a recovery rate
0f 90.13%.

(3) During the depletion process, zinc
undergoes interphase migration through the direct
volatilization of zinc oxide, the sequential oxidation,
and volatilization of zinc sulfide, accumulating in
the flue dust in the form of zinc oxide. Lead
undergoes interphase migration involving three
steps: oxidation, sulfidation, and secondary
oxidation. It accumulates in the flue dust in the
form of lead sulfate.
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